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A B S T R A C T   
Many building components rely on pressure equalization to achieve a good performance in respect to water-
tightness. Guidelines on geometrical constraints derived from numerical models and experiments are widely 
spread, but it appears these are only valid for dry conditions. To evaluate the impact of rain on the pressure 
equalization in facades, a generic experimental setup was built and results were compared with simulations. Two 
types of deficiencies, 4 mm and 8 mm diameter circular holes, were subjected to sinusoidal pressure loading with 
varying mean pressures, amplitudes, frequencies, airtightness levels, and water spray rates. A semi-implicit 
numerical model based on mass balance and ideal gas law was developed and validated against the results for 
dry conditions. Monte-Carlo sensitivity analysis on simulated pressure equalization highlights the importance of 
accurate leakage characterization for validation, and normally distributed input parameters entail negative 
skewness in the results. The difference between the measured pressure equalization in wet conditions and 
simulations for dry conditions shows a clear correlation with the simulated pressure equalization. As a result, the 
effect of a water runoff film on the pressure equalization can be accounted for in the numerical model by means 
of a power function. Simulations for dry conditions may overestimate pressure equalization during rain events 
significantly. Furthermore, the impact and importance of pressure equalization for facade design was evaluated 
for 6 building components. An analysis of facade components such as precast concrete panels, two types of 
masonry brick walls, spandrels, windows and curtain wall systems, indicates that current construction practice 
and guidelines render inadequate to obtain good pressure equalization.   
1. Introduction 
In post war period, face-sealed constructions gained popularity over 
massive walls due to increased construction speed, and lower material 
and labour cost. However, a significant number of litigations due to 
material failure or poor workmanship made way for pressure equalized 
systems, which still dominate facade design today [1]. 
For water ingress to occur, three conditions must be met simulta-
neously: water supply, an opening, and a driving force. The driving 
forces can be subdivided into following categories: pressure difference 
(wind pressure, stack effect, HVAC systems), gravity, surface tension, 
and kinetic energy. It is generally acknowledged that for most building 
components wind is the most important driving force that generates 
pressure differences and water ingress in building components [2]. 
Pressure equalized systems principally consist of two layers: a rain 
screen on the exterior side, and an air barrier on the interior side (Fig. 1). 
In between the layers a vented and drained cavity is situated, which is 
vented to the outside by intentional openings to allow the pressure in the 
cavity to equalize with the exterior pressure. When the pressure in the 
cavity is approximately equal to the exterior pressure, the most impor-
tant driving force for water to infiltrate is reduced. The most defining 
aspects of the rain screen in respect to watertightness, are the vent area 
(total area of openings to the outside), and the amount of water that will 
enter under various boundary conditions. Furthermore, porous mate-
rials will also absorb raindrops that impinge on the wall, reducing or 
even eliminating run-off and the amount of water that will infiltrate into 
the cavity. The cavity between the rain screen and the air barrier allows 
the pressure to equalize, and infiltrated water is drained to the exterior 
side. Furthermore, the cavity also provides a capillary break and may 
reduce the kinetic energy by a reduction in wind velocity (Bernouilli 
effect). When an exterior pressure is exerted on the rain screen, the 
volume of air in the cavity will be compressed until an equilibrium 
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situation is obtained. Consequently, smaller cavities require less air 
movement to raise the pressure to equilibrium state, which results in 
lower response times. 
Note that in reality wall cavities are continuous in nature, and 
typically the cavities of the different facades are interconnected. On the 
windward side the cavities will equalize with the positive pressure 
exerted on the facade, whereas on the leeward side the pressure in the 
cavity will decrease to an equilibrium state with the suction on the 
facade. As a result, the pressure differences between the different facade 
cavities will introduce air currents at the interconnections, and therefore 
the general principle of pressure equalization is flawed [3]. Further-
more, even on a single facade significant pressure gradients can be 
found, which also deviates from the original design principle [4]. Hence, 
it is often suggested to design compartments to reduce the internal air 
flows in the cavity. The airtight barrier needs to ensure that the pressure 
in the cavity will primarily depend on the exterior pressure. Further-
more, the stiffness of both planes may also affect the cavity volume, 
which in turn will affect the response time of the system. Based on the 
principles presented here, the key parameters to obtain good pressure 
equalization for watertightness are straightforward:  
 Minimize the ratio between the equivalent orifice opening in the air 
barrier (Aab) and the equivalent orifice opening in the rain screen 
(Ars)  
 Reduce the cavity volume (V), which increases the vent ratio Ars/V  
 Provide compartments in the cavity, specifically at the extremities of 
the facade, and close the cavities at the corners  
 Minimize the flexibility of air barrier 
Rousseau et al. [5] evaluated infiltration rates and pressure equal-
ization in sandwich precast concrete panel wall specimens and brick 
veneer walls. It was concluded that poor airtightness results in higher 
infiltration rates, but no feedback in respect to the pressure equalization 
was reported. A literature search on pressure equalization resulted in 38 
journal publications, which typically focus on mathematical modelling 
of pressure equalization, design guidelines or experimental validation, e. 
g. Refs. [3,6]. All publications explicitly indicate that reducing the 
pressure over the rain screen to increase the performance in respect to 
watertightness is the primary objective. Remarkably, not a single pub-
lication was found that addresses pressure equalization during rain 
events, even though that is the primary raison d‘e^tre of the concept. 
Please refer to Ref. [1,6] for an extensive literature review on this 
subject. 
The aim of this paper is threefold. Firstly, the paper presents an 
experimental setup, protocol, and results to study pressure equalization 
in building components, and these results are used to validate a nu-
merical model. Secondly, the effect of rain water deposition on pressure 
equalization is discussed for 2 types of generic deficiencies in the rain 
screen, and a simplified approach is suggested to consider this effect in 
simulations. Finally, this paper aims to quantify the impact of these new 
insights on practical design guidelines based on six simulated building 
components. 
In the methods section the experimental setup and protocol are 
presented, and an overview of existing simulation models and the 
description of a newly developed numerical model are provided. The 
third section focusses on the experimental results, validation of the 
numerical model, sensitivity analysis, and effect of rain deposition. The 
discussion section elaborates on the impact of these insights on design 
guidelines for a range of building components, and the main conclusions 
are summarized in the fifth section. 
2. Methods 
2.1. Experimental setup 
2.1.1. Test apparatus 
In order to study, understand and predict pressure equalization 
under dry and wet conditions, a numerical simulation model is required. 
However, the existing literature does not comprise adequate data for 
model validation, and hence an experimental setup was designed and 
built to quantify the pressure equalization under dynamic pressure 
conditions. An overview of the test setup is presented in Fig. 2. On the 
right there is a chamber in which the pressure can be controlled by 
means of a fan and a pressure actuator (Fig. 3). The fan allows to create a 
static pressure difference, whereas the computer controlled electro- 
mechanical pressure actuator allows to impose sinusoidal pressure 
fluctuations with amplitudes up to 480Pa and a maximum frequency of 
2 Hz. The air flow generated by the fan was measured by means of a 
laminar flow element and the variation of pressure difference during 
static testing was never larger than 2.8% or 2Pa. The pressure chamber 
also comprised an adjustable spray rack to mount the nozzle and 
drainage with a siphon to avoid air losses. The chamber consists of an 
aluminum frame (610 mm square, 230 mm deep), which was closed on 
one side by means of a polycarbonate plate (to confine the exterior space 
with the spray nozzle), and a second aluminum frame which comprises 
the test specimen could be fixed to the other side (please refer to Figs. 4 
and 5). Pressure taps were installed in the pressure chamber as well as in 
the cavity between the internal and external plates. The error of the 
pressure sensors is limited to 4.3% or 5.6Pa, whichever is greater. The 
error on the water flow rate that is sprayed on the specimen is 2.6% or 
0.006L/min. 
2.1.2. Test specimen 
For studying pressure equalization in building components, a generic 
configuration was conceived, mainly because this provided a simplified 
validation case for the numerical model presented in section 2.2. 
Furthermore, this geometry allows for easy comparison, increases the 
reproducibility, and allows study the impact of airtightness and de-
ficiencies. The specimen is comprised of two vertical parallel poly-
carbonate plates, the plates being affixed to pieces of wood of 38 mm by 
100 mm. The exterior plate is exposed to the water spray and the in-
ternal plate acts as an air barrier. The cavity between external and in-
ternal plates is 100 mm, and the specimen thus represents a pressure 
equalized facade system. Different types of openings placed in the 
external plate were meant to replicate deficiencies in an external clad-
ding; these included a series of round holes, respectively, of 4 mm (4 
holes) and 8 mm (3 holes) diameter, see Fig. 5 (further on referred to as 
deficiencies). Although these deficiencies have a generic geometry that 
is not representative for actual deficiencies found in building compo-
nents, the two diameters allow to study and understand the impact of 
Fig. 1. Schematic of pressure equalization in rain screen walls. The pressure in 
the cavity (Pc) follows the outside pressure (Pe), but is subject to damping and 
phase shift. A high level of pressure equalization entails a large pressure dif-
ference acting on the air barrier (ΔPab), a low pressure difference over the rain 
screen (ΔPrs) resulting in a reduced driving force for rain water ingress. In 
principle this can be achieved by an airtight air barrier, large openings in the 
rain screen, and a small cavity volume to reduce the phase shift of the imposed 
pressure fluctuations. 
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capillarity. Openings of 4 mm are likely to occlude due to capillarity 
whereas openings of 8 mm readily allow water to infiltrate without a 
threshold pressure due to the meniscus [1]. A series of openings with 
varying diameters in the interior plate permitted controlling the degree 
of air leakage through the air barrier (further on referred to as air 
leakage condition). These openings were selected to cover a realistic 
range of airtightness levels in respect to the size of openings in the rain 
screen. Water that entered through any of the deficiencies during a test 
sequence was drained at the base of the assembly into a collection 
trough with a level sensor. 
2.1.3. Test protocol 
The test protocol consisted of: (i) undertaking pressure character-
ization tests on the test specimen to determine nominal test conditions to 
achieve the specified differential pressure across the external plate in 
relation to the number and size of deficiencies and air leakage conditions 
across the interior plate; (ii) subjecting the deficiencies to simulated 
conditions of wind driven rain by means of pressure differences across 
and water spray onto the external plate. Spray rates used were those 
applied in test protocols; 2.0 L/min.m2 is typical for European water-
tightness tests [7], whereas 3.4 L/min.m2 is characteristic for 
North-American standard test protocols [8]. The scenario investigated in 
this study was that of a water rundown condition from a 3 m tall win-
dow. This allowed to convert the water spray rate intensity (L/min.m2) 
to a water runoff intensity (L/min.m), taking into account the width of 
the impact area on the specimen. 
Cornick and Lacasse [9] calculated boundary conditions for water-
tightness testing for 5 cities in the US based on extreme value analysis 
(wind pressure fitted to Gumbel distribution), taking into account the 
Fig. 2. Schematic of test apparatus and experimental 
setup. A fan system allows to exert a baseline pressure 
at the exterior side, whereas a custom-built pressure 
actuator imposes sinusoidal pressure fluctuations (up 
to 480Pa amplitude and 2 Hz). Air pressures are 
continuously monitored at the exterior side, inside the 
drained cavity, and at the interior side. Water is sup-
plied at the exterior side, and both the drainage of the 
exterior chamber and the collection through to study 
the infiltrated water in the cavity are conceived to 
ensure that no extraneous air leakage can affect the air 
flows and pressure equalization.   
Fig. 3. Custom-built pressure actuator that allows to generate sinusoidal 
pressure fluctuations. 
Fig. 4. Pressure chamber and back plate with adjustable airtightness.  
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co-occurrence of rain and wind. Based on that analysis, the range of the 
test pressures was determined for the tests reported here (peak test value 
was only surpassed by the 1-min averaged value for one location for a 
probability of 0.99999). The test specimen described above was sub-
jected to pressure differences of 0, 200, 400, 600 and 800Pa. For the 
dynamic testing, the samples were subjected to the same mean pres-
sures, but with pressure fluctuations of 20%, 33%, 50% and 80% for 
frequencies of 1 Hz, 0.33 Hz, 0.2 Hz and 0.1 Hz (corresponding to 1s, 3s, 
5s and 10s periods respectively). An overview of the water entry test 
program is presented in Table 1. The test program allows to study the 
impact of spray rate, average pressure, pressure amplitude, pressure 
frequency, and air leakage condition separately when required, and 
simultaneously provides a wide range of 192 combinations to evaluate 
the reliability of the numerical model. The range of amplitudes and 
frequencies covers the pressure fluctuations that are likely to occur on 
building components [6]. For the 3.4L/min spray rate no tests were 
conducted at 600Pa because the results at 2.0L/min indicated no sig-
nificant impact. Similarly, the 0.333 Hz tests at 600Pa were also not 
included. 
2.2. Simulation approach 
2.2.1. Analytical models 
To study pressure equalization in building components, physical 
models can be used to understand the behaviour and predict the pres-
sure equalization performance for other configurations in varying con-
ditions. In this section an overview is presented of analytical 
approaches. A comparison of pressure equalization levels derived from 
these analytical models shows that more simplified models tend to 
overestimate the pressure equalization compared to more detailed 
methods. Furthermore, this overview also allows to check the validity of 
these analytical approaches compared to a numerical model. In general, 
two types of models are used to simulate pressure equalization in PER 
walls: based on Helmholz theory, and based the ideal gas law. The latter 
is more practical and simple and sufficient to predict cavity pressure 
dynamics [10]. Latta [11] proposed following relationship to calculate 
pressure equalization, based on incompressible flow and sharp-edged 
orifice openings: 
ΔPrs

Aab
Ars
2
ΔPab (1)  
where ΔPrs is the pressure difference over the rain screen (Pa), ΔPab is 
the pressure difference over the air barrier (Pa), Aab is the leakage area 
of the air barrier (m2), and Ars is the vent area of the rain screen (m
2). 
Consequently, ΔPrsΔPab  ΔPt; the total pressure over the wall (Pa). 
The share of the total pressure difference that is transferred to the rain 
screen is calculated as follows: 
ΔPrs
ΔPt


Aab=Ars
2
1

Aab=Ars
2 (2) 
In order to achieve good pressure equalization, Latta recommended 
following guideline: Ars> 10* Aab. Based on a slightly different model 
(turbulent flow on the exterior side, laminar flow on the interior side), 
Killip and Cheetham [12] found 99% pressure equalization for Ars >
25–40*Aab. Fazio and Kontopidis [13] assumed that sharp-edged orifice 
flow is only valid for large openings, whereas the unintentional cracks in 
the rain screen and air barrier will be so small, that the resulting air 
flows are laminar in nature. Inculet and Davenport [14] assumed the 
vent holes as sharp-edged orifice opening, disregarded air flow through 
cracks in the rain screen, and assumed a flow exponent n of 0,65 for the 
cracks in the air barrier (assuming the power law for air flow q  C*Δpn, 
in which C is the flow exponent). As a result, equation (1) was modified 
into: 
ΔPrs
 
Cw

2=ρ
p
Cd
!2
Aw
Ars
2
ΔPab1:3 (3)  
where Cw is the flow coefficient for the exterior wall (m/s.Pa
0,65) and Cd 
is the discharge coefficient (  ). Contrary to equation (2), the share of the 
pressure difference that is transferred to the exterior plane will depend 
on the total pressure difference due to the implicit difference in flow 
exponents. 
The abovementioned analytical models assume the air is incom-
pressible. However, based on Clapeyrons ideal gas law, the volume de-
creases linearly for increasing pressure: 
PV  nRT (4)  
where P: pressure (Pa), V: volume (m3), n: amount of gas (mol), R uni-
versal gas constant (J/K.mol), T: temperature (K). Consequently, the 
mass of the inflow of air from the exterior into the cavity is not neces-
sarily equal to the mass that flow from the cavity to the interior at that 
time. The pressure equalization will then be function of Ars, Aab, V, type 
of gas, T, the rapidity of exterior pressure change, cavity volume and 
resonance effects. Several numerical models have been developed 
[15–18] that use mass balance or Helmholz theory to model the pressure 
equalization for dynamic pressure conditions. Furthermore, van 
Schijndel [19] proposed following guidelines to achieve optimal 
Fig. 5. Flat fan nozzle spray aimed just above the three 8 mm Ø deficiencies.  
Table 1 
Water entry test program under static and dynamic boundary conditions.  
Deficiencies Spray rate [L/min] Pressure conditions [Pa] Pressure frequency [Hz] Air leakage condition 
4  4 mm Ø 2.0 400  80, 400  133, 400  200, 400  320 0.1, 0.2, 0.333, 1.0 01  4 mm Ø2  4 mm Ø 
600  120, 600  200, 600  300, 600  480 0.1, 0.2, 1.0 02  4 mm Ø 
3.4 400  80, 400  133, 400  200, 400  320 0.1, 0.2, 0.333, 1.0 02  4 mm Ø 
3  8 mm Ø 2.0 400  80, 400  133, 400  200, 400  320 0.1, 0.2, 0.333, 1.0 02  4 mm Ø 
600  120, 600  200, 600  300, 600  480 0.1, 0.2, 1.0 02  4 mm Ø 
3.4 400  80, 400  133, 400  200, 400  320 0.1, 0.2, 0.333, 1.0 02  4 mm Ø  
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pressure equalization in curtain wall systems: 
d <
0:3*Ars=At0:5
fmin
(5)  
where d is the depth of the cavity (m), At is the surface area of the wall 
(m2) and fmin is the minimum frequency of interest (Hz). As an example, 
for At  1 m
2, d  0.10 m and fmin  1 Hz, Ars should be larger than 0.11 
m2, which seems quite large. Note that the effect of varying airtightness 
is not comprised in equation (5). The authors also indicate that, 
assuming incompressible air, the coefficient 0.3 is multiplied by 10, 
which in turn decimates the required leakage area. 
The section above provides an overview of the approaches to 
calculate the pressure in the cavity, and corresponding pressures over 
the rains screen and air barrier. Subsequently, the degree of pressure 
equalization can be expressed by means of the pressure equalization 
percentage (PEP), calculated as follows [20]: 
PEP 1   12PT
Z T
0
ΔPrst (6)  
where PEP: pressure equalization percentage (%), P: amplitude of 
external air pressure (Pa), and T: period (s). However, the number 2 in 
the denominator suggests that a PEP of 0% would occur at the moment 
the pressure in the cavity is in anti-phase with the outside pressure 
throughout the whole period. The measured phase shift caused by the 
pressure equalization in the cavity is typically smaller than 0.2 s for 
frequencies up to 1 Hz in the systems of interest, such as window frames 
and curtain walls [21]. Looking at climatic data measured with high 
frequency equipment, external pressure variations corresponding with 
frequencies above 1 Hz typically have very small amplitudes [22], which 
renders them irrelevant for watertightness. Hence we suggest deleting 
the Fig. 2 in formula (1). This way the pressure equalization percentage 
gives a more intuitive approach to relate to the pressure in the cavity. In 
static conditions where the pressure in the cavity is half the outside 
pressure, the PEP equals 50%. Under static conditions, the pressure 
equalization can then be calculated 
PEP
ΔPab
ΔPt
(7) 
Based on a simple power law equation that describes the air flow 
through both planes, Qi  Ci*ΔPnii (with Q: air flow, C: flow coefficient, 
n: flow exponent), and mass conservation, the PEP can be calculated as 
follows: 
Q1Q2 ⇔ C1*ΔPn1rs  C2*ΔPn2ab (8)  
PEP
2
6
41

C1
C2
 1
n1
*ΔP
n2
n1
  1
ab
3
7
5
  1
(9) 
The model by Latta [11] corresponds to equation (9) with both flow 
exponents set to 0.5. 
For any building component for which the required information is 
available, the different analytical approaches allow to calculate the 
degree of pressure equalization. Fig. 6 provides an overview of these 
approaches: the PEP is shown as a function of Aab/Ars: the dotted lines 
correspond to identical flow exponents for rain screen and air barrier, 
whereas the dashed lines relate to more turbulent flow through the rain 
screen and more laminar flow through the air barrier. When both flow 
coefficients and flow exponents of the air barrier and rain screen are 
equal, the pressure in the cavity is exactly the average of interior and 
exterior pressure. If the flow exponent of the interior plane increases, 
there is a strong decrease of the PEP, because a similar mass flow is 
accomplished at a much lower pressure drop. As a worst case scenario, 
the flow exponent of the rain screen can be set to 0.5, and laboratory 
measurements on windows and curtain walls (typically very airtight 
components) show that the corresponding flow exponents rarely exceed 
0.8 [1]. These results indicate that the assumption of identical flow 
exponents for the rain screen and the air barrier typically leads to an 
overestimation of the pressure equalization. The black lines were 
calculated with the PE-model discussed in the next section. Note that the 
numerical model results in a mean pressure equalization compared to 
the analytical approaches. This highlights that analytical approaches 
typically lead to an overestimation of the pressure equalization in the 
system. The dash-dot line in Fig. 6 indicates a conservative approxi-
mation of the PE in wet conditions (please refer to section 3.2). 
2.2.2. Numerical model 
In order to analyze pressure equalization during dry and wet con-
ditions, an experimental setup was built, which allows to apply dynamic 
pressure fluctuations. For a thorough analysis of the results, a numerical 
model was developed that simulates the pressure in the cavity based on a 
mass balance and compressible flow. The buffering effect due to air 
compression can be described as: 
dm
dt
 ρQrs   ρQab (10)  
where m: mass of the air in the cavity (g) and ρ: mass density (g/m3). 
For the typical configurations considered here, the phase shift is 
significantly smaller than the period of the exterior pressure 
Fig. 6. PEP as a function of Aab/Ars based on analyt-
ical (colored) and numerical (black) approaches for 
varying flow exponents. When the flow exponents of 
the air barrier and rain screen are assumed identical, 
the pressure equalization percentage does not drop 
below 50% (dotted lines). In practice, larger openings 
in rain screens typically result in a more turbulent 
flow, which in turn reduces the PEP (dashed lines). In 
contrast, numerical models show that the pressure 
equalization is not a fixed value, and wet conditions 
even further reduce the pressure equalization in the 
cavity (black lines).   
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fluctuations. Consequently, the differential equation combines a tran-
sient component (compression of air volume) and a quasi-static 
component for the exterior pressure, and can be solved as a stiff sys-
tem. Several numerical approaches were considered to solve the prob-
lem implicitly, but the transient component seems ill-conditioned, 
which renders the numerical approximation unstable depending on the 
time discretization. Note that although a variable time step was adopted 
for the transient and quasi-static combination, a small fixed time step did 
not provide a satisfactory solution neither. The most straightforward 
approach to bypass the numerical instability, was to abstract the vari-
able mass density from the implicit formulation (similar to the semi- 
implicit method for pressure linked equations which is typically used 
in CFD). In this iterative approach the mass fluxes are calculated, and the 
corrected pressure and mass density in the cavity are updated. The 
approach reduced the numerical errors, which allowed to apply a more 
numerically stable backwards Euler-solver without numerical damping. 
Mass conservation models typically do not account for Helmholz 
resonance (contrary to Helmholz models), and can become unreliable 
for frequencies close to the systems’ resonance frequency. Therefore, the 
resonance frequency of each system is calculated in the model as 
follows: 
f 
1
2π

γ
PcArs
ρVL
s
(11)  
where f  resonance frequency (Hz), γ adiabatic index (  ) and L is the 
length of the neck of the oscillating air volume (m). The air barrier is 
conservatively assumed perfectly tight. The model yields a warning 
when frequencies of the imposed wind loads are higher than half the 
resonance frequency [14]. Mind that for most systems the frequency will 
be over 50Hz [21], whereas the wind pressure spectrum hardly contains 
any energy above 1 Hz (high frequencies correspond to small vortices 
which disappear quickly due to viscous dissipation). Both rain screen 
and air barrier were assumed rigid, but the effect of deflection could 
easily be implemented parallel to the pressure correction. Fig. 2 shows 
the results of the numerical model as compared to the analytical 
approach which assumes incompressible air. For a sinus function Pe 
400  200*sin(2πt), a volume of 0.1 m3 and an interior flow coefficient 
of 0.01 m3/h at 50Pa, the pressure equalization was calculated. Next to 
the mean PEP, also the variance of the PEP throughout the time 
sequence is reported by means of the standard deviation. A frequency of 
1 Hz was set as worst-case scenario, as it will yield a higher phase shift 
compared to lower frequencies. The simulation results indicate that the 
analytical approach overestimates the pressure equalization, as can be 
seen in Fig. 6. When the airtightness of the rain screen approximates the 
airtightness of the air barrier, the lag between cavity pressure and 
exterior pressure increases up to the point that air can start flowing back 
from the cavity to the exterior. This effect disappears for lower 
frequencies. 
3. Results 
3.1. Dry conditions 
An experimental setup was built to validate the model, which 
allowed to vary the airtightness of the rain screen and the air barrier. 
The cavity volume was fixed, but the openings in the rain screens 
permitted to cover a range of relevant vent ratios. Next to the intentional 
openings to vary the airtightness, there was also limited unintentional 
air leakage at the perimeter of the interior and exterior planes. Due to 
the thickness of the rain screen and the air barrier, the air flow through 
the deficiencies deviated from orifice flow approximation. The specific 
configuration did not allow to determine a power law function for every 
component for every test condition. The extraneous air loss was 
measured separately for the rain screen (sealed), the air barrier (sealed), 
and the separate deliberate deficiencies. The extraneous air flows tended 
to be laminar in nature (flow exponent approximately equal to 1), 
whereas the flows through the deficiencies were typically turbulent 
(flow exponent approximately equal to 0.5). The extraneous air leakage 
might have changed throughout the testing period due to repeated 
mounting and disassembly of various components. However, for the 
average pressure difference the extraneous air losses are at least 10 times 
smaller than the air flow rates through the intentional openings in rain 
screen and air barrier. For validation purposes, the model presented in 
section 2.2.2 comprises two mass flow functions for the rain screen and 
similarly two for the air barrier to account for both intentional and 
unintentional openings with different flow coefficients and flow expo-
nents. Fig. 7 shows an example of the pressure equalization of 2 sinus 
waves (2 out of 192 tests). 
Mind that the pressure equalization can be very sensitive to un-
certainties on the input parameters. This sensitivity was evaluated by 
means of 100 Monte-Carlo runs for 5 variable input parameters. For each 
of the 5 variables an absolute error of 5% was applied, corresponding to 
a 95% confidence interval. All errors where presumed uncorrelated. 
Subsequently, the parameters were varied based on an inverse normal 
distribution. When no uncertainty is considered, the calculation yields 
an average PEP of 75%, and throughout the pressure loading, 68% of the 
time (2 standard deviations) the PEP lies between 73% and 77%. The 
minimum and maximum values are 62% and 100% respectively. 
The black solid lines in Fig. 8 show the cumulative distribution of the 
mean PEP from the Monte-Carlo, and corresponding standard deviations 
in time. Even though the variables are normally distributed, there is a 
clear shift towards lower PEP values. 61% of all cases have a PEP lower 
than the simulation with the average parameters. Even though the input 
parameters are normally distributed, the results are clearly negatively 
skewed. The relative variance of the PEP throughout the time sequence 
shows a small decrease for increasing mean PEP: a higher PEP results in 
a smaller phase shift, which in turn limits the variance of the PEP over 
time. Furthermore, the PEP shows a clear correlation with the ratios of 
the flow coefficients on one side, and the flow exponents on the other 
side, and the flow coefficients are the dominating influence (indicated 
on the secondary y-axis in Fig. 8). The sensitivity of the model towards 
small changes in input parameters was evident in the validation. Some 
air flow measurements on components of the test setup diverted slightly 
from a power law function at higher pressure differences due to 
geometrical deformation. Consequently, the flow coefficients and flow 
exponents were derived based only on the range of pressures that act on 
that specific component (derived from measurements). Excluding spe-
cific points outside the applied pressure range for the power law fitting 
yields differences up to 20% on flow coefficients and 4% on flow ex-
ponents. Based on the distribution of the results, the 95% confidence 
interval corresponds to an uncertainty of 33.4% on the average pressure 
on the outer plane, and an uncertainty of 11.1% on the calculated PEP 
(for a high PEP the relative error in ΔPrs is reduced significantly). 
For validation purposes, a series of pressure measurements were 
conducted with a fixed volume (V  0.021 m3) and mean pressure 
(400Pa), and 4 variable parameters: Ars (201 mm
2, 603 mm2), Aab (0 
mm2, 15.7 mm2, 25.1 mm2, 50.3 mm2, 100.5 mm2), amplitude of 
imposed cyclic loads (80, 133, 200, 320Pa) and the frequency of 
imposed loads (0.1 Hz, 0.2 Hz, 1 Hz). Not all combinations were tested, 
and note that the extraneous air loss also affects the Aab/Ars ratio. Based 
on 54 validation measurements, the difference between the measured 
and simulated pressure over the rain screen is 86Pa (see Fig. 9). For the 
10 cases where Aab/Ars is close to 0.5, the mean pressure over the rain 
screen is overestimated by 8Pa up to 23Pa by the simulation model. Due 
to the sensitivity of the physical phenomenon to leakage variation, and 
the practical limitations set by the measurements errors, it was not 
feasible to determine the cause of this difference more in detail. Note 
that this ratio refers to a situation which is in shear contract with all 
design guidelines on pressure equalized facade systems, and hence of 
lesser importance. However, for the more realistic Ars/Aab ratios the 
difference between the simulated PEP and measured PEP was less than 
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5%, except for one point. The measurement error on the PEP varies for 
each point, and for reasons of clarity only te 5% error is shown. 
Furthermore, although all pressure sensors were calibrated, it was 
found afterwards that the pressure in the cavity was systematically 
about 4Pa higher than the pressure on the exterior side for isobaric 
conditions in the pressure range considered here (which explains the 
experimental PEP values above 100%). The mean pressure is mainly 
influenced by the Aab/Ars ratio, whereas the variation of the pressure 
difference over the rain screen is more affected by the compression of 
the air and the vent ratio Ars/V. Fig. 10 reports the standard deviation of 
the pressure over the rain screen for the 54 validation cases. A larger 
phase shift increases the variance of the pressure drop over the rain 
screen, which renders it more appropriate to evaluate how the model 
simulates the ideal gas law behavior. In most cases, the simulated 
variability of the pressure drop over the rain screens differs less than 5Pa 
with the measured data, but the model shows a slight overestimation. In 
Fig. 7 it can also be observed that there is a slight overestimation of the 
phase shift in the numerical model, which corresponds to the over-
estimation of the variance in Fig. 10. Depending on the assumed 
covariance of the errors on the pressure measurements the error prop-
agation results in an error in the range 4.3% and 6.1% for the measured 
PEP, but as it differs for each data point only the 5% error line is shown. 
3.2. Wet conditions 
During rain events water may occlude deficiencies in the rain screen, 
which might influence the pressure equalization. As a first approach, the 
occlusion could be interpreted as an increase of the Aab/Ars ratio, in turn 
reducing the PE in the cavity. During testing the mean pressure is mainly 
affected by the Aab/Ars ratio, whereas the variation of the cavity pressure 
caused by the pressure equalization of the imposed pressure fluctuation 
will be determined by the time shift (primarily function of vent ratio). 
Fig. 7. Experimental and numerical results for 2 test conditions: case A with 400  320 Pa with an airtight air barrier, and case B with 400  200 Pa with a 
perforated air barrier (V  0.021 m3, T  15 C, CRS1  0.19 m
3/h, nRS1  0.51, CRS2  0.0004 m
3/h, nRS2  1, CAB1  0.1 m
3/h, nAB1  0.5, CAB2  0.0056 m
3/h, 
nAB2  0.75, P0  101325Pa, f  27.7 Hz). The pressure measured at the exterior side of the sample (Pe) was used as input for the numerical simulation model to 
predict the pressure in the cavity. The simulated cavity pressure (Pc sim, solid lines) shows a similar pressure damping and phase shift compared to the measured 
cavity presure (Pc exp, dashed lines) as a function of time. 
Fig. 8. Cumulative distribution of pressure equaliza-
tion percentage (PEP) based 100 Monte-Carlo runs for 
5 variable input parameters (average value indicated 
between brackets): Ars (1 m
3.h), nrs (0,5), Aab (0,1 m
3/ 
h), nab (0,8) and V (0,1 m
3) with an external pressure 
Pe  400  200*sin(2πt/10). Analysis indicates that a 
5% error on the input parameters results in an un-
certainty of 33.4% for the case considered here, and 
there is a strong correlation of the PEP with the ratio 
of the air flow coefficients Aab/Ars. (Aab: equivalent 
orifice opening in the air barrier, nab: flow exponent 
air barrier, Ars: equivalent orifice opening in the rain 
screen, nrs: flow exponent rain screen).   
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Consequently, it is expected that the occlusion of deficiencies will affect 
both phenomena. 
Incomplete pressure equalization under a static pressure difference 
renders a continuous air flow into the cavity to compensate for the air 
flow through the air barrier. Water occluding the openings blocks the air 
flow, and might reduce or eliminate PE completely. To obtain some 
sense of the order of magnitude of the air flow rates, under a 400Pa static 
pressure difference the 4 mm deficiencies would need to transfer 0.52 
m3/h and 2.13 m3/h for the setups without vents (only extraneous air 
leakage, PEP 98%) and 2*4 mm Ø deficiencies (PEP 72%) respectively. 
Although the pressure over the rain screen goes from 6.9Pa to 112Pa 
when deficiencies are introduced in the air barrier (about 16 times 
higher), the air flow through the rain screen deficiencies is only 4 times 
higher due to the flow exponent of 0.5 for the large openings. Mind that 
the largest volume of water that infiltrated through the 4 mm de-
ficiencies is less than 0.003 m3/h; the volume of water that infiltrates is 
several order of magnitudes smaller than the required volume of air flow 
that is needed to compensate for the air loss through the air barrier. 
Thus, the pressure equalization is only affected by the air flow through 
the deficiencies, the volume flow due to water ingress is negligible. 
Furthermore, under static pressure differences the 4 mm deficiencies are 
occluded up to 400Pa (PEP 0%), and only water ingress was registered at 
600 and 800Pa. The surface tension of the meniscus on the interior side 
of the front plate defines a pressure threshold that determines at which 
pressure water will enter into an assembly. When water runoff is flowing 
down on the exterior side of the deficiency, the contact angle of the 
meniscus on the interior side will change until the dynamic forces, hy-
drostatic and capillary pressure in the deficiency are balanced with the 
surface tension of the meniscus. Once the threshold is superseded, the 
infiltration rate increases for rising pressure difference. 
Under dynamic conditions, an oscillation of the exterior and cavity 
pressure is imposed upon the static pressure difference. Due to the tur-
bulent flow through the deficiencies in the rain screen, the overall air 
flow rate will be slightly lower compared to a static pressure difference. 
When the pressure in the cavity rises, the volume of air is compressed 
and an additional volume flow is required to compensate this volume 
change. For the extreme cases with the largest phase shift (large 
amplitude, high frequency, high Aab/Ars ratio) the air flow rate gener-
ated exclusively to compensate the volume change is 2.39 m3/h, 
whereas 0.026 m3/h is the air flow rate for a 80Pa sinus wave at 0.1 Hz 
without phase shift. Consequently, the volume of water that infiltrates is 
much smaller than the volume flow required to equalize the dynamic 
component of the pressure in the cavity. 
The dynamic flow rate can thus be larger than the static air flow rate, 
particularly when no deficiencies are present in the air barrier. In those 
cases the pressure in the cavity becomes higher than the exterior pres-
sure, pushing the water in the deficiency outwards. Although the peak 
dynamic component of 2.39 m3/h only occurs for a period of 0.1s (fixed 
time step was assumed to calculate peak air flow rates), the corre-
sponding volume change (66 cm3) is much larger than the volume of the 
deficiencies (0.48 cm3 and 1.44 cm3 for the 4 mm and 8 mm respec-
tively). Based on the whole dataset, the infiltration rates under dynamic 
boundary conditions showed the best correlation with the 90th 
percentile of the pressure difference over the rain screen. Dynamic 
boundary conditions cause much larger infiltration rates than static 
conditions. For similar pressures, the dynamic pressures yield infiltra-
tion rates up to 8 times higher. Detailed analysis of the measured water 
infiltration rates is outside the scope of this paper, please refer to Ref. [1] 
for more information. 
3.2.1. 4 mm Ø deficiencies 
The specimen with the four 4 mm deficiencies was subjected to a 
mean pressure of 400Pa with varying frequencies and amplitudes, a 
water spray rate of 2.0L/h.m2, and two 4 mm deficiencies were present 
in the air barrier. The pressure equalization during wet conditions was 
on average 21  4% lower than the pressure equalization in dry con-
ditions. It was observed that the 4 mm deficiencies become occluded and 
inhibit the pressure equalization. One could assume that the occluded 
water is pushed inwards during the pressure increase, thereby also 
allowing air to infiltrate and equalize the pressure. This would also mean 
that a specific volume of water infiltrates every period, and increasing 
the frequency would then result in a proportional increase in water 
ingress. However, the measured infiltration rates are not affected by the 
frequency, nor is the average PE. Detailed analysis of the water ingress 
as a function of imposed pressure fluctuation indicates that for leaky 
configurations with high air flow rates there is a continuous breaching of 
Fig. 9. Validation of the predicted pressure equalization percentage (PEP) by 
the semi-implicit model based on 54 measurements. The majority of the sim-
ulations lies within a 5% error margin of the measurements, except for the 
situation where the airtightness of the rain screen is half of the airtightness of 
the air barrier, which in any case is in shear contrast with all guidelines on PE. 
(Aab: equivalent orifice opening in the air barrier, Ars: equivalent orifice 
opening in the rain screen). 
Fig. 10. Validation of the predicted pressure difference of the rain screen by 
the semi-implicit model based on 54 measurements. In most cases, the simu-
lated variability of the pressure drop over the rain screens expressed as standard 
deviation (σ ΔPrs) differs less than 5Pa with the measured data, but the model 
shows a slight overestimation. 
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the meniscus [1]. Measurements show that larger amplitudes result in 
lower pressure equalization performance, but it can be assumed that this 
effect is mainly caused by the non-linear behavior of the flow rates as a 
function of pressure difference (which is confirmed by simulations). The 
water ingress measured under dynamic pressure loads shows a down-
ward trend for increasing amplitudes, consistent with the pressure over 
the rain screen. Only at 1 Hz, the infiltration rate correlates positively 
with the amplitude, contrary to the mean pressure. For higher fre-
quencies, the time shift is larger, and the variation of the pressure over 
the rain screen increases (measured and simulated variances are equal). 
In respect to pressure equalization, there was no significant difference 
between the measurements conducted with a spray rate of 3.4L/min.m2 
and 2.0L/min.m2. The pressure difference over the rain screen is on 
average 166  43Pa in the measurements, whereas the simulations yield 
a pressure difference of 111  41Pa. When the exterior pressure has a 
mean value of 600Pa, the simulated PE is identical to the case with 
400Pa, but the measured PE rises from 79% to 86%. The increase in 
absolute pressure difference over the rain screen yields significantly 
higher air flow rates, which increases the continuous breaching of the 
meniscus and results in a higher PEP. 
When the two deficiencies in the air barrier are closed, the difference 
between dry and wet conditions is reduced significantly. Only for 0.1 Hz 
the PEP in wet conditions is about 10% lower than the measured and 
simulated PEP for dry conditions, whereas for the other frequencies the 
simulations show good agreement with the measurements. It was found 
that for a frequency of 0.1 Hz and wet conditions, the mean pressure 
over the rain screen varied between 30 and 40Pa, 2 to 3 times higher 
compared to the other frequencies. However, mind that the water 
infiltration rates show a good correlation with the 90th percentile of the 
pressure differences [1]. For the leaky configuration this value is mainly 
determined by the mean pressure difference over the sample, whereas 
for the airtight case the pressure fluctuation is dominant over the mean 
pressure difference. Contrary to the previous setup, the presence of 
water does increase the phase shift here: the variance of the pressure 
over the rain screen during testing was higher than under dry conditions. 
The airtight case generates lower air flow rates, and as the pressure over 
the rain screen decreases, the relative impact of other driving forces, 
such as the runoff rate, increases. Similar to the setup with air leakage, 
higher amplitudes result in equal or slightly lower infiltration rates, 
except at 1 Hz. When the air barrier is closed, the mean exterior pressure 
did not affect the pressure equalization significantly. 
3.2.2. 8 mm Ø deficiencies 
For the 8 mm deficiencies in the rain screen and two 4 mm Ø vents in 
the air barrier, the pressure equalization is only 4  1% lower than 
during dry conditions. Compared to the 4 mm Ø deficiencies in the rain 
screen, the Aab/Ars ratio is lower, and due to the size of the deficiencies 
occlusion of the openings is less likely. A smaller time shift reduces the 
pressure drop over the rain screen, and the variance is likewise smaller. 
When the water supply is increased from 2.0L to 3.4L, the PE is 7  1% 
lower compared to dry conditions. The effect of water on the PE is most 
pronounced for frequencies 0.1, 0.2 and 0.33 Hz: at 1 Hz the difference 
between dry and wet conditions is very small. Similar to the results for 
the 4 mm Ø deficiencies, the impact of the runoff film is most pro-
nounced for small pressures over the rain screen. The amplitude has no 
significant effect on the PEwet/PEdry ratio: equalization occurs so fast 
that the mean pressure and variance over the rain screen is very small. 
Similar to the 4 mm Ø deficiencies the frequency has no effect on the 
water infiltration rate, but now the amplitude is of no account as well. 
The average pressure difference over the rain screen is 28  11Pa in the 
measurements, 116Pa in the simulations. The water ingress is higher at 
1 Hz and 0.33 Hz, and only at 1 Hz the infiltration rises for increasing 
amplitude. Without any deficiencies in the air barrier, the PE is always 
close to 100%, regardless of amplitude and frequency. When the exterior 
mean pressure is raised from 400 to 600Pa, the PE is not affected. 
3.2.3. PEP prediction in wet conditions 
Water that occludes deficiencies affects the mean pressure difference 
(higher Aab/Ars ratio) as well as the dynamic component by introducing 
an additional resistance to rapid pressure equalization. Although per-
manent occlusion was found for the 4 mm deficiencies up to 600Pa, this 
effect was eliminated under dynamic conditions. The air flow rates 
required for pressure equalization are much higher than the amount of 
water that infiltrated, so air transfer is still the dominant phenomenon 
for pressure equalization. 
Increasing the amplitude of the pressure fluctuation decreases the 
pressure equalization, and hence results in higher pressure differences 
over the rain screen. Higher frequencies cause larger phase shifts and 
pressure variance. The PE simulation model does not account for the 
presence of water. The phenomenology of occlusion and the interaction 
of air and water is highly complex and currently too little information is 
available to describe these processes in a physical model. As a result, the 
model overestimates the PE under wet conditions. The error between the 
measured PE and simulations shows a clear correlation with the simu-
lated PE. The most straightforward way to account for this effect is a 
power function for the simulated PE: the mean difference between PEdry
1,7 
simulated on one side, and the measured PEwet on the other side is 2.7%. 
Fig. 11 shows the measured PE as a function of simulated PE for 129 
configurations (varying Ars, Aab, amplitude, frequency, water spray rate 
and mean pressure difference). Note that the configurations which yield 
a simulated PE between 0.7 and 0.75 correspond to an Aab/Ars ratio 
close to 0.5. As indicated in Fig. 9, the simulations underestimate the PE 
for these configurations under dry conditions (probably due to inaccu-
rate airtightness measurements). In Fig. 6 the dash-dot line shows the 
mean PE under wet conditions, as compared to the simulations for a dry 
setup. Evidently, the scope of the approximation is limited to the 
configuration examined here, and should be investigated for other 
conditions as well. Two configurations with the same Ars can behave 
completely different in terms of capillarity, surface tension and 
occlusion. 
At a frequency of 0.1 Hz, the pulsation is very slow and the deficiency 
becomes occluded if the air barrier is tight. For a leaky air barrier, the 
continuous inward air flow prevents the deficiency from occluding. For 
all configurations higher amplitudes lead to a slight increase in mean 
pressure difference over the rain screen. However, this is typically not 
reflected by the infiltration rate: only at 1 Hz (4 mm and 8 mm Ø) and 
0.33 Hz (8 mm Ø) the infiltration shows a strong correlation with 
amplitude in the airtight case. 
4. Discussion 
Defining specific guidelines on rain screen design, cavity volumes 
Fig. 11. Pressure equalization during dry (simulated) and wet (measured) 
conditions. As the numerical model does not consider the impact of rain water 
deposition and occlusion, a simplified approach has been suggested to account 
for these effects in this configuration. 
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and required airtightness levels lies beyond the scope of this paper, 
because for every building component practical constraints limit the 
applicability of generic guidelines. Next to that, generic guidelines 
would need to cover a very wide range of Aab/Ars and Ars/V ratios, 
evaluated for different mean pressures, frequencies and amplitudes. 
Furthermore, reducing the pressure over the rain screen to an absolute 
minimum is perhaps not a necessity for all types of components. 
Watertightness is a trade-off between pressure equalization, buffering 
and drainage capacity. This section evaluates the sensitivity of typical 
building components, to investigate which types of components are most 
susceptible and might require additional attention in design. 
Publications on pressure equalization comprise very little informa-
tion on the airtightness characteristics of realistic configurations found 
in practice, because typically generic vents are installed for validation 
purposes in the experimental setups. In order to evaluate the design of 
pressure equalized systems, the parameters applied in the simulations 
should correspond to values found in practice. Data on the typical 
airtightness of the rain screen and the corresponding cavity volume are 
reported in Table 2 for six building components: precast concrete panels, 
masonry brick walls without vents (good and poor workmanship; A and 
B), spandrels, windows and curtain walls. For these building compo-
nents typical configurations were selected for the Belgian building 
practice, as the authors are familiar with this industry. The cavity vol-
ume for the brick walls was conservatively set to 0.2 m3/m2 (volume of 
insulation is neglected by assuming e.g. mineral wool), for the window a 
typical turn-and-tilt window of 1 m by 2 m was considered. The volume 
of the curtain wall system was calculated based on a two-storey 
configuration with bays of 2 m wide, and the only penetration in the 
rain screen is a single drainage nozzle. In practice the aluminum strip 
which fastens the glass to the mullions is often perforated, but is some 
cases the joint between the panels is taped. Consequently, only the 
nozzle was considered to calculate the vent area as a conservative 
approach. 
For the different configurations two airtightness levels are consid-
ered: one air barrier is selected to reflect a poor quality product, the 
second one is representative of good construction practice. The air 
leakage of the concrete panels and masonry brick walls was set to 12 m3/ 
h.m2, which is the conservative default value for airtightness of building 
components in the Belgian energy calculation methodology. Subse-
quently, a value of 1 m3/h.m2 was assumed for good practice (e.g. 
applicable for passive houses). For the spandrels and curtain walls [23], 
and windows [24], the poorest and the best airtightness classes in the 
respective standards were adopted. When no other information was 
available, conversion to orifice area was done assuming a discharge 
coefficient of 0.61 and a flow exponent of 0.5. The flow exponent of the 
air barrier was set to 0.65, which is typical for airtightness measure-
ments in buildings. The most important parameters for pressure equal-
ization are Aab/Ars and the ratio of the rain screen vents over the volume 
of the cavity; both are reported in Table 2. Based on the results reported 
in Fig. 2, it is expected that the precast concrete panels will show good 
pressure equalization, whereas the window and cavity wall A will 
probably result in very poor pressure equalization. 
To evaluate the performance, the pressure equalization for these 
configurations is simulated under realistic boundary conditions. For a 
30 m building located in a class III surrounding (typical for e.g. a village) 
and reference wind speed of 27 m/s, the 1minute-averaged pressure 
with a return period of 30 years is 601Pa, whereas the 3-s peak value is 
789Pa [30]. Consequently, the pressure equalization is evaluated for a 
mean pressure of 600Pa and a sinusoidal pressure fluctuation of 200Pa 
around the mean, for a frequency of 1 Hz. Mind that the analysis is based 
on a one-dimensional approach without pressure gradients over the 
facade. 
Brick wall A, the window and curtain wall system have very high 
Aab/Ars ratios, which typically result in poor pressure equalization. 
Based on the vent ratio, it is expected that the spandrel and brick walls 
will result in significant phase shifts. Depending on the type of compo-
nent considered, the ratios of the important parameters shift dramati-
cally. The pressure equalization is reported in Fig. 12, as well as the 
standard deviation due to the phase shift. Note that the simple approach 
based on a power law function to account for the effect of wet conditions 
as discussed in section 3.2.3 is applied here. Given the specific config-
uration of the generic test setup with small deficiencies compared to 
those found in practice for some cases, the reduction in PE should be 
considered as worst-case scenario. The black marks show the mean 
pressure difference over the rain screen for dry conditions, whereas the 
red marks indicate the pressure for wet conditions. For the latter the 
standard deviation due to phase shift is also indicated. Regardless of the 
airtightness, the vent area of the concrete precast panels is that high, 
that the airtightness has no effect. The airtightness of the wall is an 
important parameter for the brick walls, which also display significant 
pressure fluctuations due to the low vent ratio. Even for the airtight 
configuration, brick wall A is subjected to significant pressure differ-
ences, which indicates that drainage openings and vents are indispens-
able to achieve adequate pressure equalization. The airtightness of the 
brick walls A and B corresponds to vent areas of about 2 cm2 and 12 cm2 
per square meter respectively. When the interior wall is airtight, the 
increase in vent area eliminates the pressures over the rain screen, but 
for a leaky configuration more vents might be needed. The spandrel and 
curtain wall show a similar behaviour: a good airtightness is required to 
eliminate large pressure differences over the rain screen. Note that the 
pressures over the spandrel rain screen can solely be attributed to the 
low vent ratio. The results indicate that spandrels and curtain wall 
systems with poor airtightness might give rise to significant driving 
forces, for which the drainage capacity requires additional attention to 
reduce the risk on water ingress to the interior. The leaky window shows 
no pressure equalization at all, but more importantly, even the airtight 
window shows poor pressure equalization and high pressures over the 
rain screen. Given the fact that the vent ratio is high and the best 
airtightness class is assumed, the vent area should be larger to increase 
the performance. 
5. Conclusions 
Pressure equalization is often applied in facade design to reduce the 
risk on water ingress. Although the behaviour of pressure equalized 
systems has been analyzed and documented extensively in literature, the 
authors are not aware of any publication on pressure equalization in wet 
conditions. Consequently, the actual behavior and pressure equalization 
of these systems during rain events is uncertain. An experimental setup 
was built to measure the pressure equalization and water ingress under 
dynamic pressure conditions with varying vent ratio, Aab/Ars ratio, 
mean pressure, frequency, amplitude and water spray rate. A numerical 
model based on mass balance and ideal gas law was developed and 
validated for dry conditions. A comparison of the numerical model with 
different analytical approaches shows that the analytical approaches 
typically overestimate the pressure equalization in building compo-
nents. Note that a Monte-Carlo analysis indicates that the pressure 
Table 2 
Overview of geometric parameters for six building components.  
Configuration V [m3] Ars [m
2] Aab/Ars 
(leaky) 
[  ] 
Aab/Ars 
(tight) 
[  ] 
Ars/V 
[m  1] 
Precast concrete 
panels [25] 
0.136 0.0754m2 0.008 0.001 0.556 
Brick wall A 
[26] 
0.200 0.221*10  3 2.77 0.461 0.0011 
Brick wall B 
[26] 
0.200 1.24*10  3 0.493 0.082 0.0062 
Spandrel [27] 0.140 0.324*10  3 0.136 0.047 0.0023 
Window [28] 0.000924 0.250*10  3 6.44 0.385 0.271 
Curtain wall 
[29] 
0.009680 0.133*10  3 0.332 0.114 0.0137  
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equalization is very sensitive to variations in flow coefficients and ex-
ponents. For the experimental configuration considered here, a 5% error 
on the input data (95% confidence interval), results in a corresponding 
uncertainty interval of 33.4% on the mean pressure over the rain screen. 
Tests on 4 mm and 8 mm diameter deficiencies show that the pres-
ence of a water runoff film has a significant effect on the pressure 
equalization. For leaky configurations, there is a continuous air flow to 
the cavity which causes a continuous breaching of the water meniscus in 
the deficiency. Larger amplitudes result in lower pressure equalization 
performance, but this effect is mainly caused by the non-linear behavior 
of the flow rates as a function of pressure difference. Only for configu-
rations with good pressure equalization, the pressure over the rain 
screen is affected by the water spray rate. The 4 mm Ø deficiencies 
occlude easily, which yields a pressure equalization, on average 21% 
lower compared to dry conditions. The 8 mm Ø deficiencies are too large 
to occlude, and the difference between dry and wet conditions is 4% and 
7% for water spray rates of 2.0L/m2.h and 3.4L/m2.h respectively. It 
should be noted that the experimental setup comprises circular de-
ficiencies in the rain screen panel which is not be representative for the 
actual openings found in pressure equalized building components. 
Hence, further research is required to extrapolate the results for other 
configurations. 
The error between the measured PE in wet conditions and simula-
tions for dry conditions shows a clear correlation with the simulated PE. 
The most straightforward way to account for this effect is to introduce a 
power function: the mean difference between simulated PEdry
1,7 on one 
side, and the measured PEwet on the other, is only 2.7%. 
An analysis of several facade components such as precast concrete 
panels, masonry brick walls, a spandrel, windows and curtain wall 
systems, indicates that typical designs in building components may 
introduce significant pressures over the rain screen, which stresses the 
drainage capacity of the system and increases the risk for water ingress. 
The precast concrete system showed good pressure equalization due to a 
high vent ratio. The brick walls on the other hand, are sensitive to the 
airtightness of the inner wall and require sufficient drainage or vent 
holes to achieve adequate performance. Furthermore, the large cavity 
and low vent ratio results in a significant phase shift and corresponding 
pressure fluctuation. The spandrel and curtain wall system show good 
performance for airtight configuration, the low vent ratio yields 
increased pressure fluctuations. Finally, the window shows poor per-
formance, even when the best airtightness classification is achieved. 
Hence, guidelines found in literature on vent ratios for windows might 
be insufficient. 
Declaration of competing interest 
The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 
References 
[1] N. Van Den Bossche, Watertightness of Building Components. Principles, Testing, 
and Design Guidelines, PhD Thesis, Ghent University, Belgium, 2013. 
[2] J. Straube, E.F.P. Burnett, Rain control and design strategies, J. Build. Phys. 23 
(1999) 41–56. 
[3] R.L. Quirette, J. Rousseau, A Review of Pressure Equalization and 
Compartmentalization Studies of Exterior Walls for Rain Penetration Control. 
Water Leakage through Building Facades, ASTM STP 1314, ASTM, 1998, 1998. 
[4] D. Inculet, D. Surry, A.G. Davenport, Unsteady pressure gradients and their 
implications for pressure-equalized rainscreens, in: ICBEST Conference, 1997, 
pp. 457–464 (Bath, UK). 
[5] M.Z. Rousseau, G.F. Poirier, W.C. Brown, Construction Technology Updates No. 17, 
Pressure Equalization in Rainscreen Wall Systems, National Research Council of 
Canada, Institute for Research in Construction, Ottawa, 1998. 
[6] K. Suresh Kumar, Pressure equalization of rainscreen walls: a critical review, Build. 
Environ. 35 (2000) 161–179. 
[7] EN 1027, Windows and Doors – Watertightness – Test Method, CEN, Brussels, 
Belgium, 2000. 
[8] E 2268, Standard Test Method for Water Penetration of Exterior Windows, 
Skylights and Doors by Rapid Pulsed Air Pressure Difference, ASTM, West 
Conshohocken, Pennsylvania, US, 2001. 
[9] S.M. Cornick, M.A. Lacasse, An investigation of climate loads on building facades 
for selected locations in the US, J. ASTM Int. 2009 6 (2) (2009) 1–17. 
[10] K. Suresh Kumar, A.W.M. Van Schijndel, Cavity pressure dynamics of rainscreen 
walls, in: Proceedings of the 4th UK Conference on Wind Engineering, Bristol, UK, 
1998. 
[11] J.K. Latta, Walls, Windows and Roofs for the Canadian Climate a Summary of the 
Current Basis for Selection and Design, 1973. Special Technical Publication No. 1, 
NRCC 13487. 
[12] I.R. Killip, D.W. Cheetham, The prevention of rain penetration through external 
walls and joints by means of pressure equalization, Build. Environ. 19 (2) (1984) 
81–91. 
[13] P. Fazio, T. Kontopidis, Cavity pressure in rain screen walls, Build. Environ. 23 (2) 
(1988) 137–143. 
[14] D.R. Inculet, A.G. Davenport, Pressure-Equalized rainscreens: a study in the 
frequency domain, J. Wind Eng. Ind. Aerod. 53 (1994) 63–87. 
[15] B.A. Baskaran, W.C. Brown, Performance of pressure equalized rainscreen walls 
under cyclic loading, J. Therm. Insul. Build. Envelopes 16 (1992), 18393. 
[16] J.C. Burgess, Pressure equalized rainscreen joint modelling with numerical model 
PERAM, Build. Environ. 30 (3) (1995), 3859. 
[17] E.C.C. Choi, Z. Wang, Study on pressure-equalization of curtain wall systems, 
J. Wind Eng. Ind. Aerod. 73 (1998), 25166. 
[18] A.W.M. van Schijndel, S.F.C. Schols, Modeling pressure equalization in cavities, 
J. Wind Eng. Ind. Aerod. 74–76 (1998) 641–649. 
[19] A.W.M. Van Schijndel, Een Numeriek Model Voor Drukvereffening in Een 
Spouwconstructie, Centrum Bouwonderzoek TNO-TUE, Eindhoven, the 
Netherlands, 1996. TNO-rapport 96-CBO-R0647. 
Fig. 12. Simulated pressure equalization (indicated by bars; primary Y-axis) and pressure difference over the rain screen (secondary Y-axis) for 6 building com-
ponents with good and poor airtightness (light and dark bars respectively). The mean pressure difference over the rain screens and standard deviation is reported in 
red for wet conditions, the mean value for dry conditions in reported in black. (For interpretation of the references to color in this figure legend, the reader is referred 
to the Web version of this article.) 
N. Van Den Bossche et al.                                                                                                                                                                                                                    
Building and Environment 178 (2020) 106919
12
[20] J.C. Burgess, G. McCardle, Building cladding air pressure equalization 
investigations – comparison between field results and a numerical model, Build. 
Environ. 35 (2000) 251–256. 
[21] Suresh Kumar K. reportA Study on Pressure Equalization of Rainscreen Facades: 
Full-Scale Experiments and Computer Simulations. Technical Report FAGO 99.40. 
K. Technical University of Eindhoven, The Netherlands. 
[22] C. Dyrbye, S.O. Hansen, Wind Loads on Structures, John Wiley and Sons, New 
York, US, 1997. 
[23] EN12152, Curtain Walling. Air Permeability. Performance and Requirements and 
Classification, CEN, Brussels, 2002. 
[24] EN 12207, Windows and Doors – Airtightness – Classification, CEN, Brussels, 
Belgium, 2000. 
[25] T. Kontopidis, M.S. Reddy, P. Fazio, Potential of rain screen walls to prevent rain 
penetration: pressurized cavity principle, Build. Res. Innov. 21 (3) (1993) 
176–186. 
[26] A. Janssens, H. Moers, N. Van Den Bossche, Water penetration testing of cavity 
wall insulation fills, in: Proceedings of the 5th IBPC, Kyoto, Japan, 2012, 
pp. 433–439. 
[27] U. Ganguli, R.L. Quirouette, Pressure Equalization Performance of a metal and 
glass curtain wall, in: Proceedings CSCE Centennial Conference, Montreal, Canada, 
vol. 1, 1987, pp. 127–144. 
[28] L. Salomez, Waterinfiltraties via het buitenschrijnwerk, spring 1995, BBRI J. 
(1995) 21–27 (Belgian Building Research Institute, Brussels, Belgium). 
[29] S. Sulmon, S. Scharlaken, Lucht- en waterdichtheid van gordijngevels, Master 
thesis, Ghent University, Ghent, Belgium, 2012. 
[30] N. Van Den Bossche, M. Lacasse, A. Janssens, A Uniform Methodology to Establish 
Test Parameters for Watertightness Testing. Part II: Pareto Front Analysis on Co- 
occurring Rain and Wind 63, Building and Environment, 2012, pp. 157–167. 
Submitted to, https://doi.org/10.1016/j.buildenv.2012.12.019. 
N. Van Den Bossche et al.                                                                                                                                                                                                                    
